Introduction {#S0001}
============

Mounting studies showed that the expression of 6-phosphogluconate dehydrogenase (6PGD) was upregulated in many solid cancers, including colorectal cancers,[@CIT0001] cervical intraepithelial neoplasia,[@CIT0002],[@CIT0003] liver cancer,[@CIT0004] cervical cancer,[@CIT0005] anaplastic thyroid carcinoma (ATC),[@CIT0006] breast cancer,[@CIT0007] ovarian cancer and lung cancer.[@CIT0008] Sukhatme reported that knockdown of 6PGD in lung cancer H1975 cells inhibits cell proliferation in vitro and tumor growth in vivo.[@CIT0009] Lin et al found that knocking down 6PGD inhibits lipogenesis and tumor growth in numerous cancer cells through Ru-5-P-dependent inhibition of LKB1--AMPK signaling.[@CIT0010] Several studies showed that 6PGD is also activated by post-translation modification in cancer cells.[@CIT0011]--[@CIT0013] Liu et al found that 6PGD is activated by phosphorylating at tyrosine (Y) 481 by Src family kinase Fyn, leading to tumor growth and radiation resistance.[@CIT0011] Shan et al demonstrated that 6PGD is activated by lysine acetylation in human cancer,[@CIT0012] while Sheng et al found that N6-methyladenosin (m6A) mRNA modifications reader YTHDF2 directly binds to the m6A modification site of 6PGD and promotes 6PGD mRNA translation.[@CIT0013] Thus, 6PGD may be a promising anticancer target in clinical treatment. In the previous study, we developed 6PGD inhibitor Physcion, which effectively inhibits cancer cell proliferation and tumor growth by targeting 6PGD M15 site.[@CIT0010] Elf et al also demonstrated that applying the combination of the Physcion with anti-malarial agent dihydroartemisinin (DHA) would synergistically inhibit leukemia cell growth.[@CIT0014] Lastly, we found that targeting 6PGD by Physcion could sensitize cisplatin-resistant cancer cells to cisplatin treatment.[@CIT0008] Therefore, we reasoned that combining Physcion with chemotherapy drugs may improve the efficacy of single-agent chemotherapy treatment and overcome resistance in human cancer. Later, several studies validated our hypothesis; Chen et al study showed that targeting 6PGD by Physcion inhibits hepatocellular carcinoma cell growth and sensitizes hepatocellular carcinoma to chemotherapeutic agent treatment.[@CIT0004] Guo et al reported that the inhibition of 6PGD by Physcion enhances chemosensitivity in cervical cancer.[@CIT0005] Ma et al study demonstrated that inhibiting 6PGD reverses doxorubicin resistance in anaplastic thyroid cancer.[@CIT0006] Yang et al study suggested that the inhibition of 6PGD by Physcion augments chemotherapy efficacy in breast cancer.[@CIT0007] Bhanot et al study uncovered that knockdown of 6PGD inhibits Acute myeloid leukemia (AML) cells growth and reverses chemotherapeutics daunorubicin and cytarabine resistance.[@CIT0015]

Researches into old drugs for a range of human diseases have seen a revival in recent years. Metformin, which is well commonly used for type 2 diabetes, has extended its function and become a potential anticancer agent. The objectives of the present study were to develop old drugs as 6PGD inhibitor for suppressing tumor growth. Thus, we analyzed our previous 6PGD inhibitor screening database[@CIT0010] and discovered an old drug Ebselen (2‐phenyl‐1,2‐benzisoselenazol-3(2H)-one) from 2000 FDA-approved drugs. Ebselen is an organoselenium compound, with anti-inflammatory, anti-oxidant and cytoprotective activity.[@CIT0016] Mounting studies showed that Ebselen presents a potential chemopreventive activity to protect against carcinogenesis.[@CIT0017]--[@CIT0020] In particular, Nakamura's finding strongly suggested that Ebselen is a potential chemopreventive agent in inflammation-associated carcinogenesis.[@CIT0017]

In the present study, we found that Ebselen inhibits cancer cell proliferation and tumor growth by targeting 6PGD in vivo. Previous studies showed that Ebselen targets multiple pathways\' proteins, such as glutamate dehydrogenase \[57\], lactate dehydrogenase \[58\]. Here, we first reported that Ebselen can also inhibit 6PGD. These results suggested that Ebselen as a novel inhibitor of 6PGD, may represent a promising approach for selectively killing cancer cells and will be used for cancer treatment in future.

Materials and Methods {#S0002}
=====================

Reagents and Antibodies {#S0002-S2001}
-----------------------

Antibody against 6PGD (1:1000 times dilution) (catalog number: 13389) and β-actin (1:1000 times dilution) (catalog number: 3700) were from Cell signaling. 6PGD shRNA was purchased from TranSheepBio (TRCN0000028631, 5\`CCGGCCAGTTTGATGGTGATAAGAACTCGAGTT CTTATCACCATCAAACTGGTTTTT3\`). Lipofectamine RNAiMAX transfection reagent was purchased from Thermo Fisher Scientific (catalog number: 13778150). Ebselen was purchased from Sigma-Aldrich (catalog number: No. E3520). RPMI 1640 medium (with glutamine) was purchased from Sigma-Aldrich (catalog number: No. E3520) Dulbecco Modified Eagle Medium (DMEM, with glutamine) Cell culture. The H1299, K562 and H226 cells were gifts from Dr. Zhi Shi (Jinan University, Guangdong, China). The HDF and PIG1 cells were gifts from Dr. Jing Chen (Emory University, USA). The human breast cancer cell lines MDA-MB-231, SUM159, MCF-7, BT474, T47D, HCC-1954 and HCC-202 were gifts from Dr. Yuanzhao Lu (Jinan University, Guangdong, China). The liver normal cell QSS7701, liver cancer cells Huh7, Hep-3b, Hep-G2, the lung cancer cells H460, H1944, H157 were obtained from Guangzhou Jenniobio Biotechnology Co., Ltd. (Guangzhou, China). The human normal epithelial lung cell line BEAS-2B was a gift from Dr. Chenglai Xia (Guangzhou Medical University, Guangdong, China). The H1299, K562 and H226 cells were cultured in an RPMI 1640 (with L-Glutamine) medium with 10% fetal bovine serum (FBS, ExCell Bio) at 37°C and 5% CO~2~. HDF cells were cultured in FibroLife medium with 10% FBS. PIG1 cells were cultured in Medium 254 with 10% FBS. The MDA-MB-231, SUM159, MCF-7, BT474, T47D, HCC-1954, HCC-202, Huh7, Hep-3b, Hep-G2,QSS7701, H460, H1944, H157 and BEAS-2B cells were cultured in Dulbecco Modified Eagle Medium (DMEM, with L-Glutamine) with 10% FBS.

Generate stable knockdown cell lines {#S0002-S2002}
------------------------------------

Stable knockdown of endogenous 6PGD was achieved using lentiviral vector harboring shRNA construct (TranSheepBio; 5ʹ-CCGGGTGGATGATTTCATCGAGAAACTCGAGTTTCTCGATGAAATCATCCACTTTTT −3ʹ).

Western Blotting {#S0002-S2003}
----------------

Cells were lysed with lysis buffer (150 mM NaCl, 10 mM HEPES\[pH=7.0\], 1%NP40, 5 mM Na~4~P~2~O~7~, 5 mM NaF, 2 mM Na~3~VO~4~) containing protease inhibitor (complete ULTRA Tablets, Min, EDTA-free, EASYpack, Roche) on ice for 30 mins and then centrifuged at 12,000 rpm for 15 mins at 4°C. We loaded whole-cell protein extracts (30 μg/lane) into 12% SDS-PAGE; then, they were separated by running at 90-volt voltage for 30 mins and running at 150-volt voltage for 90 mins, and transferred onto PVDF membranes (Millipore). The membranes were blocked with 5% non-fat milk for 2 h and then incubated overnight at 4°C, or at room temperature for 2 h with the primary antibody and for 1 h at room temperature with the secondary antibody. Signals were detected using Luminol substrate solution.

Cell Proliferation and Viability Assays {#S0002-S2004}
---------------------------------------

Cell numbers were counted by trypan blue exclusion under a microscope (x40) at indicated times to indicate cell proliferation. Cell viability was quantified by Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc.). In brief, cell proliferation assays were performed by seeding 5 × 10^4^ cells in 6-well plates. Relative cell proliferation was determined by cell counting at 4 days after being seeded and the percentage cell proliferation of the control. Cell growth was determined by cell numbers recorded at 0, 1, 2, 3 and 4 days after being seeded. To determine cell viability, cells were seeded in 96-well plates and treated with different concentrations of Ebselen. Cell viability was quantified by Cell Counting Kit-8 as described previously.[@CIT0008]

Oxidative PPP Flux Assay {#S0002-S2005}
------------------------

Oxidative PPP flux assay was determined by using ^14^CO~2~ release as described previously.[@CIT0010] In brief, we seeded cells on a 6-cm dish, then placed it in a 10-cm dish with 2 sealed pinholes on the top. We treated the cells on the 6-cm dish with \[1--^14^C\]- or \[6--^14^C\]-glucose, respectively, at a final specific activity of 10 μCi/mL glucose at 37°C for 3 h. Then, the oxidative PPP flux was stopped by injecting 0.3 mL of 50% TCA through one of the holes on the top, and at the same time ^14^CO~2~ released was trapped by injecting 0.3 mL of Hyamine hydroxide into a small cup placed on the 10-cm dish through the second hole. We sealed each dish with parafilm and placed the dish at room temperature overnight. Hyamine hydroxide in the small cup was dissolved into 60% methanol and directly subjected to scintillation counting.

Cellular Metabolite Extraction and Measurement {#S0002-S2006}
----------------------------------------------

Cellular metabolites were extracted and spectrophotometrically measured by measuring the intracellular concentrations of 6-PG and Ru-5-P as described previously.[@CIT0010] In brief, to determine the cellular concentration of 6-PG and Ru-5-P, we homogenized 200 μL of packed cell pellets in 0.6 mL of hypotonic lysis buffer. Then, the supernatants were harvested by centrifuging in a cold room at 4°C for 10 mins at maximum speed. The supernatants were applied to Amicon Ultra tubes with 10 KDa cut off filter (Millipore, USA). The flow-through containing the metabolites was used for the measurement.

We determined the 6-PG and Ru-5-P concentration according to the 6PGD and D-ribulose 5-phosphate 3-epimerase enzyme activity, respectively.

NADPH/NADP^+^ Ratio Assay {#S0002-S2007}
-------------------------

NADPH/NADP^+^ ratio was measured by a Colorimetric Assay Kit (Sigma-Aldrich) as described previously.[@CIT0010] In brief, we lysed the harvested cells (2 x 10^6^) with 200 mL of NADP^+^ (or NADPH) extraction buffer. Then, we incubated the lysed cells at 60°C for 5 mins, and the added 20 mL of assay buffer and 200 mL of the counter NADPH (or NADP^+^) extraction buffer were added to neutralize the extracts. The extracts were centrifuged at 12,000 rpm for 5 mins, and the supernatants were used to check the NADPH/NADP^+^ ratio according to the manufacturer's protocol. The absorbance at 565 nm from the reaction mixture was measured by a plate reader at 0 min and 30 mins.

Lactate Production Assay {#S0002-S2008}
------------------------

Cellular lactate production was measured by a colorimetric-based lactate assay kit (MBL) as described previously.[@CIT0010] In brief, the cellular lactate production was measured under normoxia with a fluorescence-based lactate assay kit (MBL). Phenol red-free RPMI medium without FBS was added to a 6-well plate of subconfluent cells, and the plate was incubated for 1 h at 37°C. After incubation, 1 mL of media from each well was assessed using the lactate assay kit. Cell numbers were counted by a microscope (x40).

Intracellular ATP Assay {#S0002-S2009}
-----------------------

Intracellular ATP was measured by an ATP Colorimetric/Fluorometric Assay Kit (Sigma-Aldrich) as previously described.[@CIT0010] In brief, the intracellular ATP concentration was measured by an ATP bioluminescent somatic cell assay kit (Sigma). 1 x 10^6^ cells were trypsinized and resuspended in ultrapure water. Luminescence was measured with a spectrofluorometer (SpectraMax Gemini; Molecular Devices) immediately after the addition of ATP enzyme mixing to the cell suspension.

Intracellular Reactive Oxygen Species (ROS) Production {#S0002-S2010}
------------------------------------------------------

The amount of intracellular ROS was measured by detecting dichlorodihydrofluorescein, which is the cleavage product of carboxy-H~2~DCFDA (Invitrogen) by ROS as described previously.[@CIT0010] In brief, we seeded 2 x 10^5^ cells in a 6-well plate, and then we washed cells with PBS and added 5μM carboxy-H~2~DCFDA into cells and incubated them for 30 mins. Lastly, the cells were harvested, resuspended in PBS and analyzed using a FACS (BD Biosciences; excitation and emission at 490 and 530 nm, respectively).

6PGD Enzyme Activity Assay {#S0002-S2011}
--------------------------

6PGD enzyme activity was determined by the NADPH production rate assay as described previously.[@CIT0010] In brief, 6PGD enzyme activity was determined by the NADPH production rate in assay buffer (0.1mM NADP^+^, 0.2 mM 6-phosphogluconate, 1mM MgCl~2~ and 50mM Tris, pH 8.1). Ten μg of protein from cell lysate was added and the reaction was then initiated by adding NADP^+^. The increase in 340 nm absorbance (OD340) which is used as a measure of NADPH production was obtained every 30 s for 25 mins on a spectrofluorometer (SpectraMax Gemini; Molecular Device).

Tumor Formation in Nude Mice {#S0002-S2012}
----------------------------

Nude mice (nu/nu, male 4--6-week-old) were subcutaneously injected with 20 x 10^6^ H1299 cells harboring empty vector on the left flank, and cells with stable knockdown of endogenous 6PGD on the right flank, seven mice were included in each experiment and were performed according to the institutional ethical guidelines for animal experiments described in our previous study.

For drug evaluation of Ebselen, every xenograft mice and nude mice (nu/nu, male 4--6-week-old) were subcutaneously injected with 20 x 10^6^ H1299 cells on the right flank. After subcutaneous injection of 20 x 10^6^ H1299 cells for 20 days, the drug was administered by daily i.p. injection at a dose of 20 mg/kg (8 mice were randomized to each group) for 9 days according to Hanavan's study.[@CIT0021]

Tumor growth was recorded by measurement of two perpendicular diameters using the formula 4π/3 x (width/2)^2^ x (length/2). The tumors were harvested and weighed at the experimental endpoint, and the masses of tumors (g) treated with vehicle control (DMSO or PLKO.1) and S3 (6PGD shRNA) were compared by a two-tailed unpaired Student's *t*-test.

Molecular Docking Study {#S0002-S2013}
-----------------------

The study was performed based on the crystal structure of 6PGD (PDB code: 5UQ9). Ebselen was initially positioned into the NADP^+^ binding site and then docked by CDOCKER in BIOVIA Discovery Studio 2017 R2 (DS) software. Docking results showed that there are van der Waals interaction, electrostatic interaction, and hydrogen bond interaction when the ligand binds to the receptor.

In vitro Thermal Shift Assay {#S0002-S2014}
----------------------------

We incubated recombinant protein 6PGD (r6PGD) and Ebselen in the PCR tubes on ice for 30 mins (compare with DMSO), then transferred PCR tubes to the PCR machine and heated them at a temperature from 34.9°C to 73°C for 3 mins, and followed cooled them for 3 mins at RT. We centrifuged the heated recombinant protein at 14,000 rpm for 20 mins at 4°C in order to separate soluble fractions from precipitates. Lastly, we transferred the supernatants to new microtubes and analyzed them by SDS-PAGE followed by Western blot analysis.

Fluorescence-Based Thermal Shift (FTS) Assay {#S0002-S2015}
--------------------------------------------

We performed FTS assay as described previously.[@CIT0022],[@CIT0023] Firstly, we diluted Ebselen in DMSO and performed all assay experiments in a 50 μl volume system with 5 μM protein and fresh SYPRO orange solution (SYPRO orange: 5000X concentration in DMSO; Life Technologies S-6650). Secondly, after we added protein and compounds into the well of PCR plates, we shook and centrifuged the PCR plates, which were sealed with optical seal. Next, we performed Thermal scanning (10 to 95 μC at 1.5 μC/min) by using a real-time PCR setup (CFX384-Biorad Laboratories) and fluorescence intensity was monitored at every 10 s. Lastly, we analyzed the Curve fitting, melting temperature calculation and report generation on the raw FTS data by using software (Data was calculated by Bio-Rad CFX manager software and Excel).

Primary Tissue Samples from Patients with Leukemia and Healthy Donors {#S0002-S2016}
---------------------------------------------------------------------

Approval of the use of human specimens was given by the Institutional Review Board of First Affiliated Hospital, Jinan University. All clinical samples were obtained under informed consent and approval of the Jinan University Review Board. Clinical information of the patients was obtained from the pathologic files at First Affiliated Hospital, Jinan University under the guidelines and approval from the Institutional Review Board of First Affiliated Hospital, Jinan University according to the Health Insurance Portability and Accountability Act. Mononuclear cells were isolated from peripheral blood and bone marrow samples from patients with leukemia or from healthy donors using lymphocyte separation medium (Cellgro). Cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum and penicillin/streptomycin and incubated with increasing concentrations of Ebselen for up to 72 h.

Ethics Statements {#S0002-S2017}
-----------------

This study was carried out in accordance with the recommendations of Requirements of the Ethical Review System of Biomedical Research Involving Human by National Health and Family Planning Commission of China, Jinan University Ethics Committee with written informed consent from all subjects. All subjects were given written informed consent in accordance with the Declaration of Helsinki.

All animal experiments were approved by the Laboratory Animal Ethics Committee Jinan University and Use Committee and conducted in accordance with the regulations of the Service of Consumables and Veterinary Affairs-Division of Animal Protection (SCAV-EXPANIM).

Bioinformatic Analysis {#S0002-S2018}
----------------------

The public Gene Expression Omnibus datasets (GSE19804 and GSE76427) were used for bioinformatic analysis. Kaplan--Meier Plotter ([<http://kmplot.com/analysis/>]{.ul}) was used for overall survival.

Statistical Analysis {#S0002-S2019}
--------------------

Statistical analyses were performed using Student's *t*-test between two groups. One-way ANOVA was used for multiple group comparison. All data were obtained from three independent experiments performed in triplicate and were presented as the mean ± standard error. P\<0.05 was considered to indicate a statistically significant difference.

Results {#S0003}
=======

The expression of 6PGD is elevated in lung cancer and is important for tumor growth {#S0003-S2001}
-----------------------------------------------------------------------------------

To determine the role of 6PGD in cancer, we checked the expression of 6PGD and analyzed the correlation between its expression levels and the outcomes of lung cancer patients. Firstly, we determined the expression of 6PGD in lung cancer tissues using Gene Expression Omnibus (GEO) profiles (GSE19804), and we found that the expression of 6PGD was higher in cancer tissues compared with non-tumors tissues ([Figure 1A](#F0001){ref-type="fig"}). To further explore the importance of 6PGD expression in lung cancer progression, we used available Kaplan--Meier Plotter ([<http://kmplot.com/analysis/>]{.ul}) (6PGD: accession number 201118_at) database to analyze the lung cancer patient overall survival based on the expression of 6PGD. Higher levels of 6PGD (red) are significantly correlated with reduced overall survival compared to low 6PGD levels (black) ([Figure 1B](#F0001){ref-type="fig"}). The same results were obtained from liver cancer ([Figure 1C](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"}).Figure 16PGD expression is evaluated in cancer and is important for tumor growth. (**A**) Expression of 6PGD in lung cancer tissues and matched noncancerous, calculated from GEO profiles (GSE19804). (**B**) Kaplan--Meier curves of overall survival in lung cancer patients with high and low expression of 6PGD, calculated from ([<http://kmplot.com/analysis>]{.ul}). (**C**) Expression of 6PGD in liver cancer tissues and matched noncancerous, calculated from GEO profiles (GSE76427). (**D**) Kaplan--Meier curves of overall survival in liver cancer patients with high and low expression of 6PGD, calculated from ([<http://kmplot.com/analysis>]{.ul}). (**E**) Tumor growth was compared between xenograft nude mice injected with 6PGD knockdown H1299 cells and control vector cells. The values were given as mean ± SD. (**F**) Left: Tumor mass in xenograft nude mice injected with 6PGD knockdown H1299 cells compared to mice (n=7) injected with the control vector cells. Right: Dissected tumors in a representative nude mouse are shown. The data represent mean values ± SD from three independent experiments.

To address the functional consequence of higher 6PGD expression in lung cancer, we determined the effect of 6PGD on tumor growth. We established 6PGD stable knockdown H1299 cell line and found that knocking down 6PGD significantly inhibits tumor growth ([Figure 1E](#F0001){ref-type="fig"} and [F](#F0001){ref-type="fig"}). Collectively, our results suggested that 6PGD promotes lung cancer cell growth, and highly correlates with patient overall survival, which suggests that 6PGD is a potential anti-cancer target.

Discovery and Development of Ebselen as a 6PGD Inhibitor {#S0003-S2002}
--------------------------------------------------------

We analyzed our screening results for 6PGD inhibitor[@CIT0010] and identified Ebselen as a 6PGD inhibitor from a library of 2000 FDA-approved small-molecule compounds ([Figure 2A](#F0002){ref-type="fig"}). To validate this finding, we performed in vitro 6PGD activity assay with increasing concentrations of Ebselen (from 0 to 150 nM) using recombination 6PGD protein. The 6PGD enzyme activity decreased with increasing concentrations of Ebselen ([Figure 2B](#F0002){ref-type="fig"}). Moreover, Ebselen also inhibited 6PGD activity in H1299, K562 and MDA-MB-231cells ([Figure 2C](#F0002){ref-type="fig"}), leading to decreased H1299, K562 and MDA-MB-231cell proliferation ([Figure 2D](#F0002){ref-type="fig"}) and cell viability ([Figure 2E](#F0002){ref-type="fig"}), whereas 6PGD knockdown cells were partially resistant to Ebselen treatment ([[Supplementary Figure 1A](https://www.dovepress.com/get_supplementary_file.php?f=254853.pdf)]{.ul}). However, Ebselen did not significantly affect cell viability of the control proliferating cells including human dermal fibroblasts (HDFs) and immortalized human melanocyte PIG1 cells ([Figure 2F](#F0002){ref-type="fig"}).Figure 2Identification of Ebselen as 6PGD inhibitor and inhibits cancer growth. (**A**) Structure of Ebselen. (**B**) Purified 6PGD was assayed for 6PGD activity with increasing Ebselen concentration. (**C**) Ebselen-treated K562, H1299 and MDA-MB- 231 cells were assayed for 6PGD activity. (**D**) Ebselen-treated K562, H1299 and MDA- MB-231 cells were assayed for cell proliferation. (**E**) Ebselen-treated K562, H1299 and MDA-MB-231 cells were assayed for cell viability. (**F**) Ebselen-treated HDF and PIG1 cells were assayed for cell viability. (**G**) Schematic representation of the molecular docking study of Ebselen based on the crystal structure of 6PGD (PDB code: 5UQ9). (**H**) Target engagements of Ebselen to 6PGD by using suing recombination 6PGD protein in vitro thermal shift. (**I**) Thermal shift melting curves of 6PGD and Ebselen. Thermal shift assay was performed to examine the protein (6PGD) and Ebselen interaction. (**J**) Ebselen functions as a competitive inhibitor of 6PGD. The data represent mean values ± SD from three independent experiments (\*P\<0.05; \*\*P\<0.01; \*\*\*P\<0.001).

The molecular docking study based on the crystal structure of 6PGD (PDB code: 5UQ9) suggested that Ebselen fits in a pocket near the binding site of NADP+ surrounded by residues including Lys 76, Asn 103, Lys 184 and Lys 261 of 6PGD ([Figure 2G](#F0002){ref-type="fig"}). To examine whether Ebselen binds to and inhibits 6PGD, we performed a thermal melt shift assay to examine the interaction of protein (6PGD) and Ebselen.

Incubation of increasing concentrations of Ebselen raises 6PGD melting temperature (Tm) in a dose-dependent manner, suggesting that Ebselen directly binds to the protein ([Figure 2H](#F0002){ref-type="fig"} and [I](#F0002){ref-type="fig"}). Furthermore, we found that the inhibition of Ebselen on 6PGD enzyme activity was reversed by the NADPH ([Figure 2J](#F0002){ref-type="fig"}). Collectively, these results suggested that Ebselen inhibits 6PGD activity by competing with cofactor NADP+.

To explore whether the antitumor role is universal, we determined the effect of Ebselen on cell viability in several cancer cells. Firstly, we found that Ebselen treatment also resulted in decreased cell viability of liver cancer cells including, HepG2, Hep-3B and HuH7, not normal liver cells QSS7701 ([[Supplementary Figure 1B](https://www.dovepress.com/get_supplementary_file.php?f=254853.pdf)]{.ul}). Secondly, Ebselen treatment resulted in decreased cell viability of lung cancer cells including, A549, H1944 and H466, not normal lung BEAS-2B cell ([[Supplementary Figure 1C](https://www.dovepress.com/get_supplementary_file.php?f=254853.pdf)]{.ul}). Finally, Ebselen treatment resulted in decreased cell viability of breast cancer cells including, T47D, BT474, MCF-7, SUM159, HCC-202 and HCC-1954 cells ([[Supplementary Figure 1D](https://www.dovepress.com/get_supplementary_file.php?f=254853.pdf)]{.ul}). Collectively, these results suggested that Ebselen can act as a universal anit-cancer inhibitor partially through targeting 6PGD.

Ebselen Regulates Cancer Cell Metabolism {#S0003-S2003}
----------------------------------------

Lin et al studies showed that knockdown or inhibition of 6PGD would block oxidative PPP flux.[@CIT0010] Thus, in the present study, we also found that Ebselen treatment resulted in decreased oxidative PPP flux, leading to increasing intracellular 6-PG levels and decreasing Ru-5-P levels and NADPH/NADP^+^ ratio. While the lactate production and ROS level were upward in the K562 and H1299 cells ([Figure 3A](#F0003){ref-type="fig"}--[F](#F0003){ref-type="fig"}).Figure 3Ebselen regulates cancer cell metabolism. (**A--F**) K562 and H1299 cells were assayed for oxidative PPP (**A**), intracellular concentration of 6-PG (**B**) and Ru-5-P (**C**), NADPH/NADP+ ratio (**D**), ROS levels (**E**) and lactate production (**F**) in the presence and absence of Ebselen. The data represent mean values ± SD from three independent experiments (\*P\<0.05; \*\*P\<0.01; \*\*\*P\<0.001).

In the normal lung BEAS-2B cells, Ebselen treatment also resulted in decreased NADPH/NADP+ ratio but did not have an effect on lactate level ([[Supplementary Figure 2A](https://www.dovepress.com/get_supplementary_file.php?f=254853.pdf)]{.ul} and [[B](https://www.dovepress.com/get_supplementary_file.php?f=254853.pdf)]{.ul}), while the effect of Ebselen on ROS level was partially abolished by knocking down 6PGD in H1299 and BEAS-2B cells ([[Supplementary Figure 2C](https://www.dovepress.com/get_supplementary_file.php?f=254853.pdf)]{.ul}--[[E](https://www.dovepress.com/get_supplementary_file.php?f=254853.pdf)]{.ul}). The elimination of 6PGD is not complete by shRNA and this also could explain the effects of Ebselen on ROS are very moderate. These results suggested that Ebselen regulates cell metabolism by targeting 6PGD.

Ebselen Inhibits Leukemia Patient Cell Survival {#S0003-S2004}
-----------------------------------------------

Moreover, Ebselen also inhibited 6PGD activity in human primary leukemia cells ([Figure 4A](#F0004){ref-type="fig"}) and peripheral blood cells isolated from healthy donors ([[Supplementary Figure 3A](https://www.dovepress.com/get_supplementary_file.php?f=254853.pdf)]{.ul}), not G6PD enzyme activity ([[Supplementary Figure 3B](https://www.dovepress.com/get_supplementary_file.php?f=254853.pdf)]{.ul}). Next, we tested the inhibition of Ebselen on cell proliferation and found that Ebselen treatment leads to decreased cell viability and cell proliferation in human primary leukaemia cells ([Figure 4B](#F0004){ref-type="fig"} and [C](#F0004){ref-type="fig"} and [[Supplementary Figure 3C](https://www.dovepress.com/get_supplementary_file.php?f=254853.pdf)]{.ul} and [[D](https://www.dovepress.com/get_supplementary_file.php?f=254853.pdf)]{.ul}). In contrast, Ebselen treatment did not affect the cell viability of peripheral blood cells isolated from healthy donors ([Figure 4D](#F0004){ref-type="fig"}). Collectively, our data suggested that Ebselen can be a promising potential anticancer agent without obvious toxicity to human blood cells.Figure 4Ebselen inhibits leukemia patient cell survival. (**A**) Ebselen-treated leukemia patient cells were assayed for 6PGD activity. (**B**) Ebselen-treated leukemia patient cells were assayed for cell viability. (**C**) Ebselen-treated leukemia patient cells were assayed for cell proliferation. (**D**) Ebselen-treated cells from bone marrow samples from healthy donors were assayed for cell viability. The data represent mean values ± SD from three independent experiments.

Ebselen Regulates Leukemia Patient Cell Metabolism {#S0003-S2005}
--------------------------------------------------

We also observed that Ebselen treatment increased 6-PG accumulation, inhibited Ru-5-P production, elevated ROS levels, decreased NADPH/NADP^+^ ratio, and increased lactate production in human primary leukemia cells ([Figure 5](#F0005){ref-type="fig"}). These results were the same as Ebselen treatment cancer cell lines.Figure 5Ebselen inhibits leukemia patient cell metabolism. (**A--F**) leukemia patient cells were assayed for intracellular concentration of 6-PG (**A**) and Ru-5-P (**B**), ROS levels (**C**), NADPH/NADP+ ratio (**D**), lactate production (**F**) and ATP levels in the presence and absence of Ebselen. The data represent mean values ± SD from three independent experiments.

Ebselen targeting 6PGD represents a promising anti-cancer drug in vivo. Nude mice were subcutaneously injected with H1299 cells; then, Ebselen (20 mg/kg/day, intraperitoneally \[i.p.\]) treatment resulted in significantly decreased tumor growth and masses compared with mice receiving dimethylsulphoxide (DMSO; [Figure 6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"}). We sacrificed the mice and got the tumor tissue and determined the 6PGD activity, we found that the 6PGD activity was decreased in Ebselen treatment group compared with DMSO treatment group ([Figure 6C](#F0006){ref-type="fig"}). Additionally, chronic treatment with Ebselen had no effect on the complete blood counts in the Ebselent treatment nude mice compared with DMSO treatment nude mice ([Figure 6D](#F0006){ref-type="fig"}). These results suggested that the inhibition of 6PGD by Ebselen in vivo confers a specific inhibitory effect on tumor growth.Figure 66PGD inhibitors effectively attenuate tumor growth in xenograft mice. (**A**) Tumour growth curve and dissected tumours in mice treated with DMSO or Ebsenlen. (**B**) Tumor mass in H1299 xenograft mice treated with Ebsenlen or DMSO. (**C**) 6PGD activity in Representative Ebsenlen-treated tumor. (**D**) Complete blood counts for chronic assay. The data represent mean values ± SD from three independent experiments.**Abbreviations:** RBC, red blood cell; MCV, mean corpuscular volume; HCT, relative hematocrit; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, relative red cell distribution width; RDWa, absolute red cell distribution width; PLT, platelet count; MPV, mean platelet volume; HGB, hemoglobin; WBC, white blood cell; LYM, absolute lymphocyte; MONO, absolute monocyte; GRAN, absolute granulocyte; LYM, relative lymphocyte; MONO, relative monocyte; GRAN, relative granulocyte.

Discussion {#S0004}
==========

Mounting evidence demonstrated that cancer cells with higher oxidative PPP flux ratio support cell growth, survival, and drug resistance.[@CIT0008],[@CIT0010]--[@CIT0012],[@CIT0024],[@CIT0025] 6PGD is an important enzyme in the oxidative PPP that catalyzes the decarboxylating reduction of 6-phosphogluconate (6-PG) to ribulose 5-phosphate (Ru-5-P) in the presence of cofactor NADP^+^.[@CIT0008],[@CIT0012] Many studies have revealed that 6PGD has multi-faceted roles in tumorigenesis, such as cell proliferation, survival, metastasis and drug resistance. Thus, inhibition of 6PGD enzyme activity or suppression of 6PGD expression in tumor has the potential to decrease the growth and invasion of tumor and reverse drug resistance. Here we found that the expression of 6PGD was elevated in cancer and established that 6PGD promotes tumor growth in vivo, which strengthens the connection between elevated 6PGD expression and tumor aggression. These data support our and other groups' studies, which demonstrates a pro-tumorigenic role for 6PGD.

The enzymatic activity of 6PGD is crucial for its roles in tumor growth, chemoresistance, and drug resistance.[@CIT0008],[@CIT0011],[@CIT0012] The inhibitor Physcion and its derivative S3 were developed to effectively inhibit the enzyme activity of 6PGD, reduce the growth of tumor cells and reverse cisplatin resistance,[@CIT0008],[@CIT0010] supporting the idea that directly targeting 6PGD enzyme activity has anti-proliferation properties. Thus, small-molecule inhibitors of 6PGD may have therapeutic efficacy for cancer treatment.

In a high throughput screen of 2000 FDA-approved small-molecule compounds library utilizing recombinant 6PGD, we first identified Physcion as a specific inhibitor of 6PGD enzyme activity.[@CIT0010] Later, we analyzed the high throughput screen data, we further identified Ebselen as an inhibitor of 6PGD enzyme activity. To validate our data, we performed 6PGD enzyme activity in vitro by using recombinant 6PGD and found that Ebselen inhibits 6PGD enzyme activity in a dose-dependent manner. In addition, we also found that Ebselen treatment of tumor cell lines resulted in significantly decreased cell proliferation and tumor growth compared to DMSO vehicle-treated cells. But different cancer cell lines responded to Ebselen with differential sensitivity, maybe due to different cancer cell lines have a different background or different 6PGD expression. Lastly, Ebselen treatment of human primary leukemia cells increased 6-PG accumulation, inhibited Ru-5-P production, elevated ROS levels, decreased NADPH/NADP+ ratio, and increased lactate production, while the incubation of Ebselen with normal blood cells and non-malignant fibroblasts did not result in toxicity. These results are consistent with the cells expressing 6PGD-specific shRNAs or treated with Physcion.[@CIT0010] Importantly, in 6PGD-knockdown cells, the effect of Ebselen treatment was partially blocked. These data supported that Ebselen by targeting 6PGD enzyme activity demonstrates an anti-tumor role. In the future, we can apply Ebselen to reverse drug resistance by targeting 6PGD as Physcion reverses cisplatin resistance by targeting 6PGD. There are some drugs (DHEA) by targeting G6PD to reverse drug resistance.[@CIT0026] However, there is benefit in inhibiting 6PGD over G6PDH to inhibit cancer cell proliferation, that is because suppression of expression or inhibition of enzyme activity of G6PD could not affect cancer cell proliferation in some cancer cell lines.[@CIT0027],[@CIT0028]

We were initially concerned that the inhibition of Ebselen on 6PGD enzyme activity might make Ebselen appear to inhibit 6PGD spuriously through its glutathione peroxidase-like activity on 6PGD cysteine-reactive. The molecular docking study suggested that Ebselen fits in a pocket near the binding site of NADP^+^ of 6PGD and the 6PGD enzyme activity assay confirmed that the decreased 6PGD enzyme activity was rescued by increasing the concentration of co-factor NADP^+^.

Conclusion {#S0005}
==========

In summary, this study uncovers a crucial central role of Ebselen in anticancer by targeting 6PGD, which leads to inhibiting tumor growth. Our study demonstrated that focusing on targeting 6PGD could remarkably inhibit cancer growth. These findings provide a crucial role of Ebselen in anticancer progression and underscore the potential of targeting 6PGD as a novel strategy for cancer prevention and treatment.
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